Abstract. The annual and semiannual residuals derived in the axial angular momentum budget of the solid Earthatmosphere system reflect significant signals. They must be caused by further excitation sources. Since, in particular, the contribution for the wind term from the atmospheric layer between the 10 and 0.3 hPa levels to the seasonal variations in length of day (LOD) was still missing, there is the need to extend the top level into the upper stratosphere up to 0.3 hPa. Under the conservation of the total angular momentum of the entire Earth, variations in the oceanic angular momentum (OAM) and the hydrological angular momentum (HAM) are further significant excitation sources at seasonal time scales. Focusing on other contributions to the Earth's axial angular momentum budget, we use the following data in this study: Axial atmospheric angular momentum (AAM) data derived for the 10-0.3 hPa layer from 1991 to 1997 for computing the missing wind effects, axial OAM functions as generated by oceanic general circulation models (GCMs), namely for the ECHAM3 and the MICOM models, available from 1975 to 1994 and 1992 to 1994, respectively, for computing the oceanic contributions to LOD changes, and, concerning the HAM variations, the seasonal estimates of the hydrological contribution as derived by Chao and O'Connor (1988) . Using the vector representation, we show that the vectors achieve a close balance in the global axial angular momentum budget within the estimated uncertainties of the momentum quantities on the seasonal time scales.
Introduction and objective
Under the conservation of the total angular momentum of the entire Earth, there is the angular momentum exchange between the solid Earth, atmosphere, oceans, hydrosphere, liquid core, and other geophysical fluids such as the melting of glaciers, sea level rise, and post-glacial rebound. Concerning the solid Earth, i. e., its crust and mantle, changes in the rotation rate, and hence in the length of day (LOD), and polar motion (PM) reflect this angular momentum exchange. Here, the dominant forcing is of atmospheric origin on interannual, seasonal and intraseasonal time scales.
As described by Barnes et al. (1983) , effective atmospheric angular momentum (AAM) functions related to the Earth rotation are used to calculate numerically AAM time series by the world's meteorological centers. Here, the equatorial components ¢ ¡ and ¤ £ are associated with the excitation of PM, and the axial component ¦ ¥ is associated with changes in LOD. In particular, variations in the axial angular momentum of the atmosphere are mirrored clearly in Earth's rotation signals. At seasonal frequencies, there are the largest signals. Therefore, a very large number of studies were concerned with the seasonal imbalances in the axial angular momentum budget of the solid Earth-atmosphere system. For a review of the state of the art in studying the Earth's axial angular momentum balance at intraseasonal through interannual and decadal time scales, see, e.g., Hide and Dickey (1991) and Rosen (1993) , respectively, or, for a recent review restricted to the progress at seasonal time scales, Höpfner (1998) . As found in the studies such as Naito and Kikuchi (1990) , Rosen and Salstein (1991) , Dickey et al. (1993) , Höpfner (1996 Höpfner ( , 1997 Höpfner ( , 1998a Höpfner ( , b, 2000 , the annual and semiannual residuals derived in different systems reflected significant signals, which must be caused by additional excitation sources in the complex Earth system. In this study, therefore, we focus on other contributions to the Earth's axial angular momentum budget at seasonal time scales. LOD is the only quantity that is directly measurably, whereas the excitation contributions to changes in LOD must be indirectly inferred. For the atmosphere and oceans, there are AAM and OAM calculations simulated by atmospheric and oceanic GCMs, respectively. In contrast, HAM estimates are not so available.
Concerning the seasonal imbalances in the axial angular momentum budget of the solid Earth-atmosphere system presented in our previous papers (Höpfner 1996 (Höpfner , 1997 (Höpfner , 1998a (Höpfner , b, 2000 , it should be noted that, if the results are referred to the 
where the numbers added to
are to reflect the lower and upper levels in the atmosphere in hPa used in calculating the values of the wind terms.
Equation (4) is the basis of the following considerations and estimations. Since this equation is given in the time domain, but the results derived for the portions at seasonal time scales are time series over different time intervals, it is necessary to use their amplitude and phase estimates or their Fourier coefficients. Interpreting geometrically, these representations are vectors. Therefore, arithmetic operations with them can be realized as vector operations. In Section 3, preparatory, we make available the amplitude and phase estimates of the seasonal imbalances in the axial angular momentum budget of the solid Earth-atmosphere system for this purpose.
Seasonal dicrepancies in the solid Earth-atmosphere axial angular momentum budget
For the term LOD - in equation (4), we refer to our previous papers (Höpfner 1996 (Höpfner , 1997 (Höpfner , 1998a (Höpfner , b, 2000 . At seasonal time scales, there are the residual oscillations derived as difference series between LOD and D E 9 @ F X I p Q T S (1000-10) in different systems. These residual time series are processed with respect to the amplitude and phase estimates, including their standard deviations, by using two methods: the one based on the maximum, zero crossing and minimum of a periodic function as described in Höpfner (1997 Höpfner ( , 1998b and that of the least-square fit for annual and semiannual sinusoids, respectively. Table 1 
It is worth remarking that the NMC and JMA input data are computed operationally, whereas the NCEP input data are obtained by reanalysis. Concerning the results derived by the two mentioned methods, see in Table 1 that the amplitude values obtained from our method are significantly larger than those from the least-square fit, whereas there is a good agreement of the phase values to each other. However, if the amplitude of a residual time series is rather small and its phase varies with time considerably, it is difficult to estimate optimally the phase. Relating to the amplitude, it is assessed that the results by using our method represent the better estimates. Therefore, if reliably calculated, we prefer these estimates in the further representations and considerations. Comparing the standard deviations for both methods, we judge the uncertainties derived from our method more realistically than those derived from the least-square fit for annual and semiannual sinusoids, respectively. 
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(1000-10) and
systems, the vectors are plotted and in particular those for estimates referred to (P) by solid arrows and those referred to (IB) by dashed arrows.
To assess the seasonal LOD-
(1000-10) residual time series in the different systems, we compare their amplitude and phase estimates, in particular these given in Table 1a and shown as vectors in Fig. 1 at the annual frequency and those given in Table 1b and shown as vectors in Fig. 2 at the semiannual frequency. Referred to the LOD systems, namely to the IERS and JPL systems, see that the results agree with each other rather well, for example those in the IERS-JMA(P) and JPL-JMA(P) systems. At the annual frequency, it should be noted that the magnitude for the IERS system is systematically a little larger than that for the JPL system. At the semiannual frequency, however, the amplitude estimates differ only within their uncertainties. Concerning the phase, we can say that, compared to the calculated standard deviations, the estimates are similar. In judging the results relating to the D E 9 @ F q I R Q T S systems, i. e., to the JMA, NMC and NCEP systems, some points to note are as follows: Considering the appropriate vectors, in particular both for the wind plus pressure term without IB response ¤ ¥ 
systems match. Compared the role of the IB response in the JMA and NCEP systems, similar effects exist at the annual and semiannual frequencies, respectively. The annual effects, however, are about an order of magnitude larger than the semiannual ones. In Section 4, we describe and discuss the AAM and OAM data sets used in this study and their processing including the results.
Data sets used in this study, data processing and results
The objective is to estimate the optimal amplitude and phase values of the terms
for the equation (4) at seasonal time scales.
Concerning
(10-0.3), i. e., the contribution for the wind term from the atmospheric layer between the 10 and 0.3 hPa levels to LOD changes, the atmospheric data sets used here are the AAM data for the 10-0.3 hPa layer derived from the U. K. Meteorological Office (UKMO) Upper Atmosphere Research Satellite (UARS) project. They are made available by D. A. Salstein and P. Nelson (private communication, 1999) . Given in units of kg r £ ¦ s t u ¡
, they are multiplied with the scale factor of 1.68 x x y t e £ v and are thus expressed in seconds of time (s) like the LOD data. Details on the relationship between AAM and LOD can be found in, for example, Rosen (1993) . For the time interval of the AAM data referred to UKMO UARS, see Table 2 .
For the term
, i. e., the oceanic contribution to LOD changes, the oceanic data sets used here are the OAM data resulting from two global oceanic GCMs and in particular referred to as ECHAM3 and MICOM models. Concerning ECHAM3, the time series of the inertia tensor and of the relative angular momentum of the Oceans are made available by M. Thomas (private communication, 1999) and, concerning MICOM, that of OAM by S. L. Marcus (private communication, 1999) . Considering the changes in the polar moment of inertia w ¥ ¥ caused by changes in distribution of mass, i. e., the mass contribution, and the relative angular momentum 1 ¥ caused by the changes in east-west oceanic currents, i. e., the motion contribution, we computed the axial OAM changes in the ECHAM system according to the formula (see e. g. Desai and Wahr 1992) 
where~S is the polar moment of inertia of the Earth's mantle, and } the Earth's mean rotation rate. By inverting their signs and multiplying them with the scale factor of 8.64 x x y , the OAM values are converted into
values. Again see Table 2 , for the time intervals of the OAM time series relating to the ECHAM3 and MICOM systems. MICOM between 1992 and 1994 (top) and their oscillations at the annual frequency (centre) and at the semiannual frequency (bottom). Note that each oscillation is shown as component obtained from both filtering and least-square fitting 
data, some comments on the oceanic GCMs should be noted:
(a) OAM results in the ECHAM3 system As described by Sündermann (1998, 2000) , the Ocean Model for Circulation and Tides developed at the Zentrum für Meeres-und Klimaforschung (ZMK) of the University Hamburg is based on non-linear balance equations of momentum conservation, the continuity equation for an incompressible fluid, and conservation equations for heat and salt using the hydrostatic and Boussinesq approximations. Sea ice is simulated by a Hibler model. Concerning the configuration, it has a horizontal resolution of x x z W in longitude and latitude and 13 layers in the vertical. To simulate the Ocean's general circulation, the model is driven with atmospheric forcing fields from simulations of the atmospheric general circulation model ECHAM3 including wind stresses, surface temperatures, freshwater fluxes, and mean sea level pressure.
(b) OAM results in the MICOM system As described by Marcus et al. (1998) , MICOM stands for Miami Isopycnic-Coordinate Ocean Model. It is based on the primitive equations of fluid flow that use the hydrostatic and Boussinesq approximations. Concerning the configuration, it has a horizontal resolution of W longitude by x W latitude and 11 vertical layers with a mixed layer and a free surface. To simulate the global oceanic general circulation, the model is driven with surface wind stress and heat flux computed from daily NCEP analyses. Here, pressure forcing by the atmosphere is not considered.
In each system, the OAM time series contains the non-tidal oceanic contribution, including matter and current terms, to LOD changes.
To separate the seasonal oscillations from the
time series, we applied two zero-phase digital band-pass filters designed by Höpfner (1996) to the available data sets made as in our previous studies (Höpfner 1996 (Höpfner , 1997 (Höpfner , 1998a (Höpfner , b, 2000 . Using the low-pass filter, we filtered out the low-frequency component from the time series of D V 9 @ F t I p Q T S and Peterson (1985) As can be seen in Fig. 3 , both seasonal 
oscillations in the ECHAM3 system with those in the MICOM system shown in Fig. 5 , note that the curves should be similar to each other to reflect significant signals, whereas disagreements may be due to systematic differences between the
systems. Since the OAM time series in the MICOM system is only two years long, we decided to use seasonal band-pass filters having a cosine shape modified over two periods as weight function. At the annual frequency, there is no common results, and, at the semiannual frequency, the common interval is relatively short. Assessing the
results in both systems, we can say that the amplitudes of the annual oscillations are of similar magnitude. On the contrary, the semiannual oscillation in the ECHAM3 system is significantly larger in amplitude than that in the MICOM system over the common interval.
In the same manner to the seasonal residual time series for the different LOD- Concerning equation (4), we still need the seasonal amplitude and phase estimates of the term
. However, as already mentioned in Section 1, no
time series was available for estimating the hydrological contributions to LOD changes. Therefore, we use the contributions from the surface water storage estimated by Chao and O'Connor (1988) . For the amplitude and phase estimates of the seasonal signals for the term Table 5 . Here, Rain designates the contribution of rainfall and evapotranspiration, Snow the snow contribution and Water their sum, i. e., the total contribution for the continental surface water storage. For purposes of comparison, the estimates of the contribution for the wind term from the 10-1 hPa layer and for the Antarctic Circum-Polar Current (ACPC) are also listed. Note that there are no uncertainties for the estimates. Again see Figs. 6 and 7 for their vector representation.
In Section 5, at the seasonal time scales, we shall show and discuss the atmospheric, oceanic and hydrological contributions to LOD changes and assess the global axial angular momentum budget with respect to its balance using the vector representation.
Global axial angular momentum budget on the seasonal time scales
Our considerations relating to the global axial angular momentum budget on the seasonal time scales are based on equation (4) given in Section 2. As for the seasonal discrepancies in the solid Earth-atmosphere axial angular momentum budget shown in Figs. 1 and 2 of Section 3, we use vectors to illustrate the atmospheric, oceanic and hydrological contributions to LOD changes and to discuss the extent to what a closed budget is achieved within the estimated uncertainties in all momentum quantities. 
is also shown, where the Water vector is the sum of the Rain and Snow vectors. The Vector sum formed from the vectors for the terms
should be compared with the vector for the annual LOD- 
, i. e., left-hand and right-hand sides of equation (4) Table 4 ; Table 5 Figure 6 (10-0.3) term in the UKMO UARS system given in Table 4 , and Wind(10-1) for the wind term from the 10-1 hPa layer according to Höpfner (1997 Höpfner ( , 1998b given in Table 5 . For the
term, we have the oceanic estimates from the ECHAM3 and MICOM simulations (see Table 4 ). They are referred to as Ocean ECHAM3 and Ocean MICOM, respectively. ACPC is the contribution for the Antarctic Circum-Polar Current according to Whitworth and Peterson (1985) ; see Table 5 for its estimates. As noted in Section 4, for the
term, Water, incorporating Rain and Snow, used here are the hydrological influences according to Chao and O'Connor (1988) . Again see Table 5 for their estimates. For the LOD-
(1000-10) term, the amplitude and phase estimates of the seasonal oscillations in different systems are presented in Table 1 The following discussion will be separately on the contributions to LOD changes at the annual and semiannual frequencies. Here, in assessing the estimates obtained from the two methods cited in Section 3, we particularly refer to those from our method.
(a) Contributions to LOD changes at the annual frequency In Fig. 6 , we see that the Wind(10-0.3) and Wind(10-1) vectors are rather similar in amplitude. But, the Wind(10-0.3) phase is smaller than that of Wind(10-1) by 15 degrees. Considering that the wind contributions refer to the top level of the atmosphere of 0.3 and 1 hPa, respectively, it is confirmed that the estimates are in keeping with each other, i.e. realistic. Comparing the Ocean ECHAM3 and Ocean MICOM vectors, note that the amplitudes are of the same magnitude, whereas the phases differ by about 20 degrees, with the Ocean ECHAM3 phase smaller than that of Ocean MICOM. Consequently, the oceanic contributions for both systems differ significantly in phase. Since the phase of the ACPC vector is closer to that of the Ocean ECHAM3 vector than to that of the Ocean MICOM vector, we regard the Ocean ECHAM3 estimates as the better ones. As described by Chen et al. (1997) , the hydrological contribution to LOD changes was derived by using the NCEP-NCAR Climate Data Assimilation System I (CDAS-1) from soil moisture and snow fields from 1974 to 1995. In particular, the
variations, i. e., the LOD variations as inferred by HAM CDAS-1 between 1985 and 1995, can be found in terms of a curve in Chen et al. (1997) , where a clear annual signal exists. Compared to the Water contribution plotted as vector in Fig. 6 , the amplitude of the contribution in the CDAS-1 system is much larger but its phase is consistent to our estimate. Notice that the vectors for Wind(10-0.3) and Water are similar in magnitude but opposite in direction.
Publication: Scientific Technical Report No.: STR00/05 Author: J. Höpfner 14 (b) Contributions to LOD changes at the semiannual frequency In Fig. 7 , note that the amplitude of Wind(10-0.3) vector agrees well with that of Wind(10-1). In case of the phase, there exists a significant difference of about 15 degrees in the same sense as for the annual wind vectors. Again as in (a), being considered the difference in the systems due to the different top levels, we can say that the estimates are conformable. Concerning the Ocean ECHAM3 and Ocean MICOM vectors, notice the same facts as found at the annual frequency, i. e., there is good agreement between the amplitude estimates, but a significant difference between the phase estimates having about 60 degrees. Like to the annual Ocean ECHAM3 and Ocean MICOM vectors, with closer phase of the ACPC vector to that of Ocean ECHAM3 vector, we note the same at the semiannual frequency. This result confirms our assessment relating to the more realistic oceanic model as given in (a). Concerning the Water contribution plotted as vector in Fig. 7 , unlike to (a), it is impossible to make a comparison to the
variations in the CDAS-1 system derived by Chen et al. (2000) . The reason is that the semiannual signal is not discernible on the scale used for the y-axis. Also, there is no similarity to the Wind(10-0.3) vector.
At the annual and semiannual frequencies, comparing the oceanic signals in the POCM-4B system (POCM stands for Parallel Ocean Climate Model) estimated by Johnson et al. (1999) with those in the ECHAM3 system, we find that the amplitudes for POCM-4B are significantly smaller, and the phases with respect to the cosine convention as well. Concerning the
term, Chen et al. (1997) applied to sea level variations from TOPEX/POSEIDON (T/P) altimeter data after removing steric effect. For a comparison between those and the oceanic contributions in the ECHAM3 system, using least-square fit, we computed the annual and semiannual Fourier components of the T/P data made available by J. L. Chen (private communication, 2000) . Note that our estimates for the ECHAM3 system are significantly smaller in annual amplitude but larger in semiannual amplitude than those for T/P with steric correction, and there is disagreement in phase.
Finally, for the terms D E 9 @ F I p Q T S Table 6 . To compute their standard deviations according to the law of the propagation of errors, for the seasonal Water contributions given in Table 5 , we used (1000-10) systems as cited above but without IB response, i. e., designated with (P) instead of (IB).
In assessing our final results summarized in Table 6 , we can say that, by using vector representation and operation, a close balance in the global axial angular momentum budget is achieved within the estimated uncertainties of the momentum quantities in magnitude and within the differences between two LOD-D V 9 @ F p I p Q T S (1000-10) estimates in direction at both annual and semiannual frequencies.
Summary and concluding remarks
Seasonal imbalances in the solid Earth-atmosphere axial angular momentum budget in terms of the annual and semiannual residuals calculated as time series in different LOD-D V 9 @ F I p Q T S systems reflected significant signals. In the complex Earth system including solid Earth, atmosphere, oceans, hydrosphere, liquid core, and geophysical fluids such as the melting of glaciers, sea level rise, and post-glacial rebound, they may be caused by further excitation sources. Therefore, the present study focuses on other contributions to LOD changes at seasonal time scales.
Our considerations refer to the atmospheric, oceanic and hydrological excitations, strictly speaking, the contributions to LOD inferred from AAM, OAM, and HAM, and are based on equation (4) in the right-hand-side. To realize vector representation and operation, the amplitude and phase estimates or their Fourier coefficients have to be derived from the seasonal time series for the different terms.
